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We present the results of a systematic study of the shape of the pion distribution in coordinate space
at freeze-out in Au   Au collisions at BNL RHIC using two-pion Hanbury Brown–Twiss (HBT)
interferometry. Oscillations of the extracted HBT radii versus emission angle indicate sources elongated
perpendicular to the reaction plane. The results indicate that the pressure and expansion time of the
collision system are not sufﬁcient to completely quench its initial shape.
DOI: 10.1103/PhysRevLett.93.012301 PACS numbers: 25.75.Gz, 25.75.Ld
Relativistic heavy ion collisions are believed to reach
sufﬁciently highenergydensities andtemperaturesfor the
possible formation of a quark-gluon plasma (QGP) [1].
Hanbury Brown–Twiss (HBT) interferometry [2] of two
particle Bose-Einstein correlations directly accesses the
space-time structure of the emitting source formed in
these collisions, providing crucial probes of the system
dynamics. At the BNL Relativistic Heavy Ion Collider
(RHIC), identical-pion HBT studies in Au   Au colli-
sions at

sNN
p
  130 GeV [3,4] yielded an apparent
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012301-2 012301-2source size consistent with measurements at lower ener-
gies, in contrast to predictions of larger sources based on
QGP formation [5]. In addition, hydrodynamical models,
successful at RHIC in describing transverse momentum
spectra and elliptic ﬂow [6], have failed to reproduce the
small HBT radii [7]. This so-called ‘‘HBT puzzle’’ [8,9]
might arise because the system’s lifetime is shorter than
predicted by models.
In noncentral collisions, azimuthally sensitive HBT
measurements performed relative to the reaction plane
provide a measure of the source shape at freeze-out
[10–12]. In such collisions, the almond-shaped collision
geometry generates greater transverse pressure gradients
inthe reaction planethanperpendicular toit.This leads to
stronger in-plane expansion (elliptic ﬂow) [6,13–15]
which diminishes the initial out-of-plane spatial anisot-
ropy. Therefore the freeze-out source shape should be
sensitive to the evolution of the pressure gradients and
the system lifetime; a long-lived system would be less
out of plane extended and perhaps in plane extended.
Hydrodynamic calculations [16] predict a strong sensitiv-
ity of the HBT parameters to the early conditions in the
collision system and show that, while the system may
still be out of plane extended after hydrodynamic evolu-
tion, a subsequent rescattering phase [17] tends to make
the ﬁnal source in plane. Knowledge of the freeze-out
source shape might discriminate among scenarios of the
system’s evolution.
In this Letter, we present results of a systematic study
of azimuthally sensitive HBT in Au   Au collisions at 
sNN
p
  200 GeV. These results allow for ﬁrst studies of
the relationship between the initial and ﬁnal eccentricities
of the system.
The measurements were made using the STAR detector
[18] at RHIC. Particle trajectories and momenta were
reconstructed using a time projection chamber (TPC)
with full azimuthal coverage, located inside a 0.5 T
solenoidal magnet. Au   Au events with primary vertices
  25 cm longitudinally of the TPC center were placed
into centrality classes following Ref. [19]. A high-
multiplicity triggered data set of 5   105 events was
used for the most-central bin (0%–5% total cross sec-
tion), and a minimum-bias data set of 1:6   106 events
was used for all other centrality classes (5%–10%, 10%–
20%, 20%–30%, and 30%–80%). The 2nd-order event
plane angle  2 [20] for each event was determined
from the weighted sum of primary charged-particle
transverse momenta [21]. Within a resolution which we
determine from the random subevent method [20],  2  
 rp (true reaction plane angle) or  2    rp    ; i.e., the
direction of the impact parameter vector isdeterminedup
to a sign [20,22].
Pion candidates, selected according to their speciﬁc
energy loss (dE=dx) in theTPC in the rapidity range jyj <
0:5, were required to pass within 3 cm of the primary
vertex and contain > 15 (out of 45) TPC space points in
the reconstructed trajectory. Pion pairs were subjected to
two requirements. To account for reconstructing a single
particle trajectory as two tracks, a topological cut is
applied in which a minimum fraction of TPC pad layers
must show distinct hits for both tracks. To reduce the
effect of merging two particle trajectories into a single
reconstructed track, an additional topological cut re-
quires that the number of merged TPC hits falls below a
maximum fraction. The latter cut leads to a systematic
error that depends on the event multiplicity and the trans-
verse momentum of the tracks [3].
Pairs of like-sign pions were placed into bins of
 0    pair    2, where  pair is the azimuthal angle of
the pair momentum [k   1
2 p1   p2 ]. Because we use
the 2nd-order reaction plane,  0 is only deﬁned in
the range  0;  . For each bin, a three-dimensional
correlation function is constructed in the Pratt-Bertsch
‘‘out-side-long’’ decomposition [23] of the relative pair
momentum q. The numerator of the correlation function
contains pairs of pions from the same event, and the
denominator contains pairs of pions from different events
which have similar primary vertex position, reaction
plane orientation, multiplicity, and magnetic ﬁeld orien-
tation.    pairs and    pairs were mixed separately due
to charge-dependent acceptances but are combined to
increase statistics; separate    and    analyses showed
no signiﬁcant differences.
Finite reaction plane resolution and ﬁnite width of
the  0 bins reduce the measured oscillation amplitudes
of HBT radii vs  0. A model-independent correction
procedure [24], applied to each q bin in the numera-
tor and denominator of each correlation function, ac-
counts for these effects and increases the amplitudes of
the HBT radii vs   (     pair    rp). The increase is
roughly inversely proportional to the measured [20,21]
reaction plane resolution, i.e., the amplitudes increase
 10%–30%. All data were corrected using this proce-
dure. Also, autocorrelation contributions to  were tested
by selecting distinct sets of particles for event plane
determination and HBTanalysis, with no observed effect.
In addition, correlations due to ﬁnal-state Coulomb
repulsion must be accounted for, in order to isolate the
Bose-Einstein correlations of interest. Traditionally this
was accomplished by applying correction weights [deter-
mined by calculating the Coulomb correlation function
K q fora sphericalGaussian source [3]] toallpairsinthe
denominator. Recently, the CERES Collaboration [25]
noted that this approach overcorrects for the Coulomb
effect and advocated an improved procedure [26] which
applies the Coulomb weight only to the fraction of pairs
that participate in the Bose-Einstein correlation.We adopt
this approach and ﬁt each experimental correlation func-
tion to the form:
C q;   N      1      1       K q  1   G q;    ;
(1)
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012301-3 012301-3where the  1      and   terms account for the nonparti-
cipating and participating fractions of pairs, respectively,
N is a normalization parameter, and G q;   is the
Gaussian correlation model [23]:
G q;   e q2
oR2
o    q2
sR2
s    q2
lR2
l    qoqsR2
os   : (2)
R2
i are the squared HBT radii, where the l, s,a n do
subscripts indicate the long (parallel to beam), side (per-
pendicular to beam and total pair momentum), and out
(perpendicular to ql and qs) decomposition of q with an
additional cross term [27]. Fitting with Eq. (1) caused Ro
to increase 10%–20% compared to Coulomb correcting
all pairs, while Rs and Rl, respectively, are consistent
within errors.
Figure 1 shows the squared HBT radii, obtained using
Eq. (1), as a function of   for three centrality classes. All
pairs with pair transverse momentum 0:15   kT  
0:6 GeV=c are included, and each centrality is divided
into 12   bins of 15  width. The data point at       is
the reﬂected     0 value, and solid lines indicate Fourier
expansions of the allowed oscillations [24]:
R2
 ;n kT  

hR2
  kT;  cos n  i      o;s;l ;
hR2
  kT;  sin n  i      os : (3)
As expected [3], the 0th-order Fourier coefﬁcient (FC)
indicates larger apparent source sizes for more central
collisions. We veriﬁed that the 0th-order FC corresponds
to the HBTradii from an azimuthally integrated analysis.
Strong 2nd-order oscillations are observed for R2
o, R2
s,
andR2
os, and the signs of the oscillations are qualitatively
self-consistent [10,24], though the amplitude for most-
central events is small. Similar oscillations were observed
ina statistics-limitedanalysisof minimum-biasAu   Au
collisions at

sNN
p
  130 GeV [28]. These oscillations
correspond to a pion source spatially extended perpen-
dicular to the reaction plane, as discussed below.The next
terms (4th order) in the Fourier expansions [Eq. (3)] are
consistent with zero within statistical errors.
ThekT dependence of the oscillations of the HBT radii
may contain important information on the initial condi-
tions and equation of state of the system [29]. Figure 2
shows the   dependence of HBT radii for midcentral
(20%–30%) events for four kT bins. Because of the addi-
tional division of pairs in kT, only four bins in   are used.
The 0th-order FC increases with decreasing kT, which
was observed for azimuthally integrated HBTanalyses at 
sNN
p
  130 GeV [3] and attributed to pion emission
from an expanding source. Strong out-of-plane oscilla-
tions are observed for all transverse radii in each kT bin.
The full results are summarized in Fig. 3, which shows
the centrality dependence of the Fourier coefﬁcients for
three ranges of kT. The number of participants for each
centrality was determined using a simple nuclear overlap
model [19]. Systematic variations of the HBT radii arise
due to their sensitivity to the antimerging cut threshold
and uncertainty associated with the Coulomb procedure
[3]. The total variation is largest for R2
o;0 ( 10%). The
systematic variation on the relative amplitudes plotted in
the right panels of Fig. 3 are negligible compared to
statistical errors. Also, all correlation functions compos-
ing Fig. 3 are corrected for momentum resolution follow-
ing our prescription in Ref. [3].
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FIG. 1 (color online). Squared HBT radii using Eq. (1) rela-
tive to the reaction plane angle for three centrality classes. The
solid lines show allowed [24] ﬁts to the individual oscillations.
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FIG. 2 (color online). Squared HBT radii relative to the
reaction plane angle for four kT (GeV=c) bins, 20%–30%
centrality events. The solid lines show allowed [24] ﬁts to the
individual oscillations.
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012301-4 012301-4As in Figs. 1 and 2, the 0th-order FCs (left panels)
correspond to the squared HBT radii that would be ob-
tained in a standard analysis. R2
o;0, R2
s;0,a n dR2
l;0 are all
observed to decrease for more peripheral collisions.
Ro=Rs, found in theoretical calculations to be sensitive
to the emission duration of the system [5], is observed
to be Ro;0=Rs;0   1:15   0:01 (1:06   0:01) for the
lowest (highest) kT bin for 0%–5% most-central events.
These values are consistent with that reported at 
sNN
p
  130 GeV [3] when the increase in Ro due to the
improved Coulomb correction [Eq. (1)] is accounted for.
Ro=Rs is still smaller than the predictions from hydro-
dynamical models, indicating the HBT puzzle persists at 
sNN
p
  200 GeV.
Dynamical effects on the homogeneity region affect
R2
 ;2 kT  as well as R2
 ;0 [16,30]. The relative amplitudes
of the oscillations offer a more robust measure of the
spatial anisotropy and are less sensitive to dynamical
effects [30]. Figure 3 shows (right panels) the relative
amplitudes vs number of participants for three kT ranges,
using the ratios R2
 ;2=R2
s;0      o;s;os  andR2
l;2=R2
l;0.Th e
relative amplitudes for all three transverse radii decrease
in magnitudewith increasing number of participants, and
their weak kT dependence agrees qualitatively with hy-
drodynamic calculations [16].
To extract the shape of the pion source at freeze-out, a
model-dependent approach is required. In the presence of
collective ﬂow the HBT radii correspond to regions of
homogeneity [31] and do not reﬂect the entire source.The
‘‘blast-wave’’ parametrization [6,30,32,33] of freeze-out,
which incorporates both spatial and dynamical anisotro-
pies, has been used to describe various observables at 
sNN
p
  130 GeV [30,34]. A recent blast-wave analysis
[30] showed that the relative oscillation amplitudes (e.g.,
shown in Fig. 3) are most sensitive to the spatial anisot-
ropy. The source eccentricity  "    R2
y   R2
x = R2
y   R2
x  
can be related to the relative amplitude of the HBT
oscillations by "final   2R2
s;2=R2
s;0 [10,30], where Rx (Ry)
is the radius of the elliptical source in plane (out of plane).
The eccentricity of the initial almond-shaped overlap
region was calculated from a Glauber model [19] using
the rms values for Ry and Rx. Figure 4 shows the relation
between the initial and ﬁnal eccentricities obtained by
averaging the three kT bins in Fig. 3. The initial and ﬁnal
eccentricities exhibit a monotonic relationship, with
more peripheral collisions showing a larger ﬁnal anisot-
ropy. Within this model-dependent picture, the source at
freeze-out still retains some of its initial shape, indicat-
ing that the outward pressure and/or expansion time was
not sufﬁcient to quench the initial spatial anisotropy. The
large elliptic ﬂow and small HBT radii observed at RHIC
energies might favor a large pressure buildup in a short-
lived system. Also, out-of-plane freeze-out shapes tend to
disfavor a long-lived hadronic rescattering phase follow-
ing hydrodynamic expansion [17].
In conclusion, we have performed an analysis of two-
pion HBT interferometry relative to the reaction plane in
Au   Au collisions at

sNN
p
  200 GeV. The relative
amplitudes of the HBT radius oscillation are largest for
peripheral collisions, indicating larger out-of-plane an-
isotropy in the pion source at freeze-out, for collisions
with larger initial spatial anisotropy. No strong kT depen-
dence of the relative oscillation amplitudes is observed.
The out-of-plane freeze-out shape of the source indicates
that the buildup of pressure and the evolution time of the
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est eccentricity. The dashed line indicates "initial   "final.
Uncertainties on the precise nature of space-momentum corre-
lations lead to 30% systematic errors on "final [30].
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FIG. 3 (color online). Fourier coefﬁcients of azimuthal oscil-
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three kT (GeV=c) bins. Left panels: means (0th-order FC) of
oscillations; right panels: relative amplitudes (see text for de-
tails). Larger participant numbers correspond to more central
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geometry of the collision. This information, taken to-
gether with the size of the source and anisotropies in
momentum space, places signiﬁcant constraints on future
theoretical efforts to describe the nature and time scale of
the collision’s evolution.
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